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The total genome sequence of the archaeon
Methanococcus jannaschii completes the trilogy of
genomes for the three domains of life — Archaea,
Bacteria and Eucarya. It will have far-reaching
consequences for evolutionary studies and for the way
in which experimental biology is performed.
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The recently published complete genome sequence of
Methanococcus jannaschii [1] presents one of those rare
watersheds in science: the results open up innumerable
possibilities for future work of considerable importance.
Apart from yielding the first complete genetic picture of an
archaeon, it also provides the link between available bacte-
rial (Haemophilus influenzae and Mycoplasma genitalium) and
eukaryotic (yeast) genomes (Fig. 1). It will thus provide a
basis for detailed evolutionary analyses. 
The completion of the Methanococcus genome sequence is a
remarkable achievement at two levels. First, and most
obvious, it is the third completed prokaryotic genome from
the Bult/Venter small genome effort at The Institute for
Genome Research (TIGR), a fitting tribute to their techni-
cal and organizational excellence. At another level, though,
it is the culmination of 20 years of tenacious defence, by
Carl Woese and his colleagues, of their originally heretical
hypothesis that many prokaryotes are not bacteria [2].
That TIGR and Woese should have successfully collabo-
rated on sequencing the first archaeal genome is entirely
appropriate; we are all indebted to them.
M. jannaschii is an interesting organism. It is a hyper-
thermophilic methanogen that grows optimally at 85 °C
and at pressures up to 200 atm. It is a strict anaerobe, like
all methanogens, and it is also an autotroph that derives its
energy from the reduction of carbon dioxide to methane. It
belongs to the euryarchaeotal kingdom of the Archaea.
The genome of M. jannaschii is small for a free-living organ-
ism, constituting a major chromosome (around 1 665 kilo-
bases) and two smaller circular elements (~ 58 000 and
~ 16 500 base-pairs); the genome has a low average G+C
content, about 31 %. 
The potential value of the M. jannaschii genome sequence
is very high and, in addition to evolutionary information, it
offers something for most biologists. The organism can
survive on inorganic salts and, therefore, is able to
synthesize all its essential biochemical molecules: so it is
now possible to designate complete biochemical pathways
and the enzymes involved therein. Some of these pathways
have been identified, including, for example, the complete
Ljungdahl–Wood pathway for carbon fixation. Other path-
ways seem different from those known for other organisms;
thus, within the genome sequence neither fructose bispho-
sphatase nor fructose 1,6-bisphosphatase aldolase was
found for the gluconeogenesis pathway. For the protein
chemist, trying to understand the complex structural and
chemical basis of protein thermostability, there are some
1 700 putative open reading frames, all of which encode
thermostable proteins, and many of which have known
mesophilic or lesser thermophilic homologues. For the
biotechnologist, there is a wealth of thermostable enzymes,
some with known functions but others unknown, involved
in processes as diverse as methanogenesis and nitrogen fix-
ation. Many of these can be exploited for research and for
industrial and pharmaceutical processes. 
There is another important way in which completion of
the M. jannaschii sequence contributes to a watershed.
Together with the other genome sequences, it will change
the way that experimental biology is performed. Thus, the
general practice of isolating a protein, sequencing it, and
cloning and expressing its gene, will gradually be replaced
by identifying and amplifying genes directly from the
genome. It is also possible to perform ‘whole organism
biology’: to ask why a particular organism is a parasite or
pathogen, or to examine all the interactive biochemical
pathways of an organism and ask what one can expect the
organism to do or not to do. Moreover, it is possible to
examine the relationship between total gene organization
and the topological constraints resulting from simultane-
ous replication and transcription. The sequences presage a
new age in biological research.
Until now, archaeal research has been partly preoccupied
with searching for, and characterizing, Archaea-specific
molecular features, which include the ether-linked lipids,
sequence and structural signatures in the ribosomal (r)
RNAs, 16S–23S rRNA spacer structures, archaeal introns
and their splicing apparatus and histone-like structures
[3–5], all of which are present in M. jannaschii. However,
although many gene functions are inferred for M. jan-
naschii as a result of computer searches for sequence
homologues and known sequence motifs, only 38 % of the
open reading frames have been assigned putative func-
tions. It will be a major challenge to identify unknown
gene products experimentally, by employing, for example,
physiological and biochemical approaches, generating dele-
tion mutants, or amplifying genes using the polymerase
chain reaction (PCR) and expressing them and assaying for
function. Major cellular functions that remain to be
analysed include chromosome segregation and cell division;
it is possible that non-coding tandem repetitive sequences
present in the genome sequence may facilitate the former.
The possibility also remains open that Archaea undergo
sexual activity, via cell fusion, which would explain both
the two-way transmission of plasmids [5] and the more
recently observed inter-cellular movement of chromosomal
introns and genetic markers. At another level, two families
of repeating genetic elements have been identified. They
may encode bacterial-type transposases, some of which are
bordered by inverted repeats; together with eighteen
inteins (protein insertion sequences) and two tRNA
introns, they may provide a basis for genetic variation
within the genome.
A considerable effort had previously gone into sequence-
similarity studies between archaeal genes and their
putative bacterial and eukaryotic homologues. Earlier
indications were that archaeal gene sequences, particularly
those of the metabolic enzymes, were like those of bacte-
ria (generally E. coli), as was their gene organization. In
contrast, when sequences were examined for proteins
associated with the informational apparatus, and also
others including histone-like proteins, homing enzymes
and chaperones, they tended to be more eukaryote-like.
Thus, within the transcriptional apparatus, the RNA poly-
merase, promoter motifs, transcription factors and TATA-
binding proteins closely resemble those of eukaryotes.
Moreover, ribosomal proteins found in eukaryotes but not
in bacteria often have an archaeal homologue [3–5]. 
This general pattern is strongly reinforced by the genome
analysis, with some new examples: the DNA polymerase
shows sequence similarity to the eukaryotic a, e and g sub-
units, for example, and although no origins of replication
were identified (nor have they been in other Archaea), two
homologues were found for the yeast CDC54, which has
been implicated in initiation of replication, and two homo-
logues of eukaryotic subunits of the replication-factor
complex were identified. Moreover, for the membrane-tar-
geting and translocation system — which is relatively con-
served amongst the three domains of organisms — the
signal peptidase and docking proteins showed greater sim-
ilarity to their eukaryotic counterparts. Furthermore,
several translational initiation factors have now been iden-
tified that have exclusively eukaryotic homologues; only a
bacterial version of the translation initiation factor IF-2
was detected in the Methanococcus genome, but this has
also been reported to be the case for a eukaryote. In a
similar vein, the identified aminoacyl synthetases are more
eukaryote-like, although those of glutamine, asparagine,
lysine, and cysteine were not detected; this suggests that
their aminoacyl tRNAs may be formed by post-charging
conversion.
A consensus view has developed over the past decade that
some genes were conserved in sequence and organization in
the universal ancestral progenote of the three domains, and
that the Bacteria branched before the Archaea and Eucarya,
a view that is also supported by gene duplication analyses
(Fig. 1). Analysis of the completed genome sequences will
enable this question to be addressed more systematically,
along with other important evolutionary questions, includ-
ing the nature of the progenote itself — although if Woese’s
view [6] holds that the progenote was “not a single (well-
defined) species but rather a varied collection of entities,
cellular and sub-cellular, that exchanged genetic informa-
tion (and molecular structure) somewhat freely”, this may
prove to be an extremely difficult, albeit very rewarding,
task. Already some progress has been made in this direction
in searching for paralogous genes. Examination of known E.
coli protein sequences revealed that about half of the
sequences may have originated by gene duplication and
divergence [7], and for M. jannaschii about 100 paralogous
gene families have been identified, one of which contains
16 members of, as yet, unidentified function. 
Real insight into the important evolutionary questions will
come from comparative studies which require genome
sequences of a phylogenetically diverse group of organ-
isms. At a recent workshop on Small Genome Sequences
(organized by the European Molecular Biology Organiza-
tion and held in Bålsta, Sweden; October 6–9, 1995), it was
estimated that at least 17 archaeal and bacterial genomes
are being sequenced around the world, and some of these
projects are at a very advanced stage. This positive news
was offset, to some extent, by the knowledge that some
genomes were being sequenced by, or for, pharmaceutical
companies and that their sequences might never be
released; moreover, other sequences, both archaeal and
bacterial, are being duplicated in different laboratories.
For the Archaea, however, at least four other genome
sequences are very advanced and will be made generally
available; one awaits the completed sequences for
Methanobacterium (sic) thermoautotrophicum, Pyrobaculum
aerophilum, Sulfolobus solfataricus and Pyrococcus furiosus
with considerable excitement.
The M. jannaschii sequence goes a long way towards
consolidating the concept of the Archaea, and perhaps it is
appropriate to remember that the original proposition of
non-bacterial prokaryotes in 1977 [2] was greeted with
wrath and ridicule, not to mention abuse, which appears to
have greatly exceeded the scholarly scepticism expected
towards a new concept. The scholarly debate that did
ensue centred around the hypothesis that the sulphur-
metabolizing thermophiles should be considered a
separate primary kingdom, the eocytes [8]. Final resolution
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of this controversy will have to await completion of one of
the Pyrobaculum and Sulfolobus crenarchaeotal genome
sequences (see Fig. 1); suffice it to say here that there is a
large body of evidence, genetic and molecular, supporting
the concept of a distinct archaeal taxon [3–5]. One impor-
tant lesson to be learned from the early confusion is that
now that we have adequate positive criteria for classifica-
tion, including 16S-like rRNA sequences, we should dis-
pense with negative taxonomical criteria. This would avoid
confusion in teaching — where prokaryote (‘no nucleus’) is
still widely used as a synonym for bacteria in textbooks —
and would also provide a rational basis (which is presently
lacking) for classifying organisms in sequence databases.
Concluding on a historical note, archaeal genome
sequencing had an obscure but interesting start during
Wolfram Zillig’s retirement meeting [5] on archaeal mole-
cular biology in 1993 (he’s still working at the bench and
in solfataric fields). A group of us got together to form a
pressure group for initiating archaeal genome sequencing.
We named ourselves, tentatively, ARGO (the Archaeal
Genome Organisation), after HUGO, although, because
our collective knowledge of Greek mythology was weak,
we reserved the right to alter the name if we later found
that the story of the Argo had an unhappy ending. Ford
Doolittle faxed us shortly afterwards the story of Jason, the
Argonauts and their ship, the Argo, and their quest for the
golden fleece. The story reassured us that, despite an
extremely arduous journey involving disasters, treachery,
battles, magic and murders (in retrospect, some of this
sounds a bit familiar), the mission was successful — even
though Jason was later killed by a piece of wood that fell
from his boat. There was a feeling at the meeting that the
Europeans would get support first, via the European Com-
mission. Not so. Doolittle’s Canadian consortium were the
first to raise money for the relatively large (about
2.9 megabases) Sulfolobus solfataricus genome [9], followed
quickly by the Woese/TIGR support for the M. jannaschii
genome and the Reeve/GTC (Genome Therapeutics
Corporation) funding for the M. thermoautotrophicum
genome. Happily, we can now all share the golden fleece,
but this is still very much the beginning of the story.
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Figure 1
Phylogenetic tree derived from analysis of
16S-like ribosomal RNA sequences [2],
showing the three domains of life, the two
archaeal kingdoms and representative genera
from each. The genome sequence has been
completed for those genera highlighted in
white and boxed with a solid line; genome
sequencing is very advanced for those
highlighted in yellow and outlined with a
broken line. A likely root of the tree between
the archaeal and bacterial domains is also
indicated.
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